Soybean isoflavones (genistin, daidzin, glycitin, and their malonyl forms and aglucons) are thought to be responsible for the astringent taste of soyfoods. Generally, HPLC with a methanol and water elution gradient is used for isoflavone quantification, but capillary zone electrophoresis (CZE) has been used more recently to separate several flavonoids in plant extracts. We present the results of CZE analysis of isoflavones in soybean extracts. Conditions for separation by using CZE were optimized for analysis of soybean isoflavones. We compared the results of extraction at different temperatures and with different compositions of solvent. Total extraction of isoflavones was not affected by temperature but was affected by composition of the solvent. Malonyl forms of isoflavones were thermally unstable. We analyzed the isoflavone content of different varieties of soybean seeds sown on different dates. Total isoflavone content varied among different varieties and with sowing dates. Interactions between the variety and the sowing date also affected isoflavone composition. We conclude that the variety of soybean seed and environmental growing conditions, such as sowing date, can contribute to seed quality by reducing its isoflavone content, modifying its isoflavone composition, or both.
INTRODUCTION
An increasing body of evidence indicates that soybeans may contribute to cancer prevention (1) (2) (3) . The high intake of soyfoods in Japan may be related to the low mortality from prostate cancer there compared with that in Finland (4) . Despite their beneficial activity, soybean products are not well accepted as food in Western countries because of their flavor, which is usually described as bitter, astringent, and similar to that of beans. The bean flavor can be controlled genetically [eg, a lipoxygenase-free cultivar (5)] or by processing (6) . Astringency is attributed commonly to isoflavone compounds (genistin, daidzin, glycitin, and their malonyl forms and aglucons). However, one isoflavone compound, genistein, may have some role as a chemopreventive agent against cancer (7) .
Genistin, daidzin, and their aglucons (genistein and daidzein) are the principal isoflavones in soybeans (8) , but acetyl and malonyl forms of isoflavone glycosides have also been identified (9) . Malonyl forms were reported as the major isoflavone constituents of soybean seeds, although they are thermally unstable and are converted into their corresponding glycoside forms.
A significant variation in astringency (10) and cancer-preventing properties in soybean isoflavones was observed. Daidzin and genistin are hydrolyzed by ␤-glucosidase to daidzein and genistein, respectively, which results in an increase of the objectionable flavor in soymilk (11) . Two ways to improve the flavor of soymilk are 1) to limit formation of aglucons by inhibition of ␤-glucosidase activity (11) and 2) to reduce the concentration of isoflavones in soybeans by genetic management, agronomic management, or both.
Environmental conditions cause significant variations in soybean cultivars (5, (12) (13) (14) . Temperatures during the period of seed filling significantly affect the isoflavone content of soybeans; high temperatures decrease the quantity of isoflavones (13, 14) . Because soybean isoflavones have cancer-preventing properties, it is important to develop a method for quantitative determination. Such a technique would be useful in efforts to improve the flavor and nutritional quality of soyfoods. Generally, HPLC with a methanol and water elution gradient is used for isoflavone quantification (8, 9) . However, capillary zone electrophoresis (CZE) is a relatively new technique with considerable potential for analyzing charged compounds, and has been used to separate several flavonoids in plant extracts (15) (16) (17) (18) . In this study we report the results of CZE analysis of isoflavones in soybean extracts.
Conditions for separation with use of CZE were optimized for analysis of soybean isoflavones. We determined the extraction conditions most suitable for achieving the total solubilization of the isoflavone compounds without altering or transforming the malonyl forms to glycosides as a result of high temperatures. The effects of environmental conditions and genotype and their interaction with the isoflavone content of soybean seeds were then determined.
Quantification of isoflavones by capillary zone electrophoresis in soybean seeds: effects of variety and environment
Source and cultivation of soybeans
Soybeans were grown until harvest in 3 randomized studies in a Fisher bloc experiment (19) . The plants were grown in 1995 in calcareous soil in a field at the INRA Research Center of Toulouse-Auzeville, France (latitude: 43 Њ north). We sowed 4 varieties of soybean seed cultivars (L1, L2, L3, and L4); the plants matured at different ages. Plants were sown on May 5 (early sowing) and May 22 (late sowing). Two sowing dates were used for each variety so that advantage could be taken of naturally occurring differences in environmental conditions.
Preparation of extract
Isoflavone extracts, prepared according to the Eldridge method (8), were used to optimize the isoflavone separation by CZE. We extracted 1 g ground soybean flour by refluxing 180 mL of 80% aqueous methanol for 4 h at 80 ЊC. The extract was then evaporated to dryness. For chromatographic analysis, the residue was dissolved in 80% (vol:vol) aqueous methanol (15 mL) and filtered through a 0.45-m nylon membrane (Cluzeau Information Laboratoire, Sainte Foy la Grande, France). To determine the most suitable extraction conditions for dissolving soybean isoflavones, we extracted ground soybean flour by using 2 solvents (80% aqueous methanol and 70% aqueous ethanol) at several temperatures for different durations ( Table 1) . After filtration through a 0.45-m nylon membrane (Cluzeau Information Laboratoire) and centrifugation (for 15 min at 26 184 ϫ g and 20 ЊC), the supernate was used for CZE analysis. To determine the effect of sowing date and variety on isoflavone content, we extracted ground soybean flour with 80% aqueous methanol at 20 ЊC for 24 h.
Capillary zone electrophoresis
Flavonoids were separated from the soybean extract with use of a spectraphoresis instrument (Spectraphoresis 1000, SpectraPhysics, San Jose, CA), using a fused silica capillary column (67 cm ϫ 50 m inside ϫ 375 m outside diameter). Software operating in IBM OS/2 was supplied by Spectra-Physics. The instrument contains a programmable, high-speed scanning, multiplewavelength ultraviolet detector. Using the fast-scanning mode, we recorded on-column spectra of the compounds. The range of the scanning mode was 200-360 nm in 5-nm increments. Electrokinetic separation was performed at 30ЊC at 23.5 kV (electrical field strength, 350 V/cm). Analytes were injected in the hydrodynamic mode by using a vacuum of 5.17 kPa for 3 s. The capillary column was conditioned daily by washing with freshly prepared solutions of 1 mol NaOH/L for 5 min, 0.1 mol NaOH/L for 5 min, distilled water for 5 min, and fresh electrophoretic buffer for 10 min. Between analyses, the capillary was flushed with 0.1 mol NaOH/L for 3 min and finally with electrophoretic buffer for 10 min. For free solution capillary electrophoresis under alkaline conditions, the composition of the running buffer was either 30 mmol NaH 2 PO 4 /L (Prolabo, Paris) at pH 9.5-10.5 or 50-150 mmol H 3 BO 3 /L (Prolabo) at pH 10.5.
Standard samples
Authentic samples of daidzin, daidzein, genistin, and genistein were purchased from Extrasynthese Co (Genay, France). Samples of malonyl genistin, malonyl daidzin, malonyl glycitin, and glycitin were obtained by using HPLC purification (9) .
Statistical analysis
Analysis of variance was conducted for variety, sowing date, and interaction between sowing date and variety, using the general linear model. The computer program STATITCF (ITCF, Paris, France) was used.
RESULTS

Optimization of soybean isoflavone separation by CZE
Free solution capillary electrophoresis without formation of complexes
The separation mechanism in CZE is based on differences in the electrophoretic mobilities of molecules. Flavonoid compounds are weak acids with ionization constants at pH 9-10. Their apparent charges depend on their pK 2 (negative logarithm of the ionization constant) values and on the pH of the running buffer. Therefore, the total migration time for highly charged small flavonoid molecules is longer than that for molecules of smaller charge and greater size because the patterns of phenol and sugar substitution differ (16) .
As is typical in CZE, the pH of the buffer had a marked effect on total migration time and on the separation of all isoflavones in the extract. Migration time increased with increasing pH. For example, total migration time for genistein ranged from 7.882 min at pH 9.5 to 8.922 min at pH 10.5. As the pH increases the net charge of flavonoid molecules also increases because of the progressive removal of phenolic hydrogens [data not shown (16) ]. The rate of increase in migration time varied among flavonoids, resulting in differences in the separation of isoflavones. For example, at pH 10.5, the difference between the retention times of the two 7-glucosides (daidzin and genistin) was higher than that at pH 10 and 9.5.
Adding organic modifiers such as methanol to the buffer solution can affect the electrophoretic endosmotic flux and the quality of the separation in CZE (16) . Increasing the amount of methanol by (0-20%) increased the migration time for the flavonoids, but the separation was not significantly improved. The migration time for daidzin increased from 5.572 min with 0% methanol to 9.869 min with 20% methanol (data not shown). Migration time increased as electrophoretic endosmotic flux decreased.
Formation of isoflavone complexes with boric acid
Addition of boric acid to the background electrolyte increased the retention time of each isoflavone because each isoflavone reacted with the boric acid to form negatively charged borate ELECTROPHORETIC QUANTIFICATION OF ISOFLAVONES 1481S (20) . The effect of borate concentrations on CZE selectivity was studied at pH 10.5 by using several electrolyte systems with different borate concentrations. Both the migration time for each flavonoid and the overall resolution of the separation increased with increasing concentrations of boric acid.
The optimum borate buffer solution for the separation of these isoflavones contained boric acid at a concentration of 150 mmol/L and a pH of 10.5. This combination provided sufficient resolution in the separation and a moderate analysis time (Figure 1) .
Optimization of isoflavone extraction
To determine the most suitable extraction conditions, we used CZE to compare the isoflavone constituents extracted with different solvents at various temperatures. Malonyl daidzin and malonyl genistin were the major constituents of the extracts obtained at 20 ЊC, whereas the major components in the extracts obtained at 80 ЊC were daidzin and genistin ( Table 2) . These results confirm previous findings (9) . Malonyl daidzin and malonyl genistin are thermally unstable and are converted to glycoside forms; partial conversion was observed at 60 ЊC. The weights of total isoflavone extracts obtained at different temperatures were not significantly different. Consequently, we concluded that 20 ЊC is the most suitable temperature for extracting isoflavone compounds from seeds with little or no modification of the composition.
Factors affecting the isoflavone content in soybean seeds
Four varieties of soybean seeds were grown in Toulouse in 1995. Climatic data for the period of May-October 1995 in Toulouse and data on the weight of soybeans harvested under various environmental growing conditions are summarized in Table 3 and Table 4 , respectively. The isoflavones of whole seeds were isolated and identified. Daidzin, genistin, malonyl daidzin, and malonyl genistin were routinely detected; other forms (glycitin, malonyl glycitin, and aglucons) were present in small amounts ( Table 5) .
The results of the statistical analysis confirmed that total isoflavone content depended largely on the variety and sowing date and that the interaction between the variety (precocity) and the sowing date significantly affected isoflavone content. All these effects were significant at P < 0.01, except for the effects of interaction variety ϫ sowing date on daidzien content, which were significant at P < 0.05.
The variation in isoflavone content due to delayed sowing are shown in Figure 2 . Values are expressed as the percentage change in isoflavone content in the seeds from plants that were sown late compared with those sown early. The isoflavone content of all varieties of seeds that were sown early and the L4 seeds that were sown late was much lower than the isoflavone content of seeds from the L1, L2, and L3 plants that were sown late ( Figure 2 ). For example, the total isoflavone content of seeds from L1 plants that were sown late were Ϸ55% higher than that of seeds from L1 plants that were sown early. Thus, this increase in isoflavone content due to delay in sowing depended on the seed variety (maturity group) and on the sowing date, which are related to environmental conditions (particularly temperatures during the seed-filling period) ( Table 4) . These results confirm previous results (14) . This general tendency was confirmed for the most important isoflavone forms, especially malonyl daidzin, malonyl genistin, and genistin. Because malonyl forms are converted into glycoside forms during industrial processing, we considered the sum of malonyl forms and glycoside forms for daidzin and genistin (Figure 3) . These 2 isoflavones were separated because significant variations in organoleptic effects and medical properties have been observed in daidzin and genistin (10) .
Just as total isoflavone content increased when sowing time was delayed, the isoflavone content in daidzin and genistin forms also increased when sowing time was delayed.
The ratio of the change of isoflavone content in daidzin forms to that in genistin forms (percentages of variations of daidzin forms and of genistin forms) indicated that varieties that mature earlier show the most important increase of daidzin forms; the ratio is higher than that for the earliest maturing cultivar.
DISCUSSION
These results show that analysis of isoflavones by CZE is a viable alternative to analysis by reversed-phase HPLC and that 20 ЊC is the most suitable temperature for extracting isoflavone compounds from seeds with little or no modification of its composition.
The use of a high-performance, rapid analytic technique provides a basis for the development of experiments that require numerous analyses, such as large screening studies or research on the accumulation of isoflavones in seeds. We are conducting such studies to better understand the effects of environment on isoflavone content.
Our study findings show that environmental conditions exerted an important influence on the isoflavone content of soybean seeds. These results confirm that the content and composition of isoflavones depended on the interaction of the sowing date and the seed variety; the seed variety determines maturation time. These observations agree with previous findings (5, 14) . Consequently, the quality of the soybean seed is dependent on ELECTROPHORETIC QUANTIFICATION OF ISOFLAVONES 1483S both its variety and on the environmental conditions under which it is grown because these factors affect the seed's isoflavone content, composition, or both. The effect of temperature during the seed-filling period on isoflavone content was not clearly shown in our study, however. Other environmental factors such as the photoperiodism of the plant may also influence the isoflavone content in seeds. Moreover, we are also conducting studies on the influence of processing factors such as temperature on the isoflavone content and composition of soyfood products.
